Background-Several papers have indicated that glutamine is a preferred fuel for the enterocyte and that it can increase intestinal epithelial cell proliferation. Aims-To investigate the eVects of glutamine on intestinal epithelial cell proliferation in the parenterally fed rat. Methods-Five groups of six rats were fed parenterally; a group of orally fed rats was also studied. Crypt cell proliferation was studied after six days using native mitoses in microdissected crypts and bromodeoxyuridine labelling. Results-No eVect of treatment was seen on intestinal weight; however, the weights of the small intestine, caecum, and colon were all significantly heavier in the orally fed group than in the total parenteral nutrition groups (p<0.001). There was no eVect of any of the glutamine treatments on mitotic activity in the small intestine. In the colon there was a small increase in native mitoses with glutamine (p=0.03). There was also an indication of increased proliferative activity in the first fifth of the small intestine and colon with glutamine. Little eVect of glutamine on bromodeoxyuridine labelling in either site was observed, but there was a small but significant reduction in growth fraction of the colon of the glutamine treated group. The labelling distribution curve from sections and the mitotic distribution curve obtained from crypt squashes showed a good correlation. Conclusion-Glutamine has a small, but significant eVect on mitotic activity but only in the colon. Modest eVects on the distribution of labelled cells were also seen. (Gut 1999;44:608-614) 
In addition to its role in digestion and absorption the gastrointestinal tract is also a multilayered defence system One of the mainstays for the maintenance of the integrity of this system is epithelial cell proliferation. The control of gastrointestinal epithelial cell proliferation is multifactorial, with the presence or absence of food in the intestinal lumen being one of the most powerful stimuli for mucosal cell proliferation. The actions of food in the lumen can either be a direct response (luminal nutrition) or a response to the work of absorption (intestinal workload). Various nutrients appear able to stimulate intestinal epithelial cell proliferation and although they may act locally, actions can also be moderated by systemic factors. Luminal nutrition is virtually abolished and the gut is almost entirely dependent on blood borne nutrients when intravenous feeding is commenced. A profound intestinal atrophy is then seen in the animal 1 and in man. 2 There is a considerable body of evidence suggesting that the gut of these TPN animals is at risk of becoming deficient in the amino acid glutamine, which although defined as nonessential, is one of the preferred respiratory fuels for enterocytes. 3 4 There are several reports of beneficial eVects of additional glutamine, 5 6 and many of these have reported improved intestinal morphology. 7 There is some confusion in the literature concerning this, as other reports have found no change in the mucosa when parenteral nutrition was supplemented with glutamine. 8 Some of the confusion can be attributable to the choice of measured endpoint, as many studies have focused on clinical outcome or resistance to bacterial translocation rather than proliferation per se. Several diVerent models of atrophy have also been used; thus glutamine enriched elemental diet in a model of radiation induced damage led to significant increases in jejunal villous number, villous height, and number of metaphase mitoses per crypt 9 and following small bowel allotransplantation. 10 Nonetheless no eVect of glutamine was reported after bowel resection. 11 There are even reports of reduced adaptation following (high) doses of glutamine. 12 We therefore used our TPN feeding system to investigate the eVects of adding glutamine on intestinal cell kinetics at various sites throughout the gut, using quantification of mitotic figures in crypt squashes 13 and bromodeoxyuridine labelled DNA synthesising cells.
14 These data were analysed to determine whether there were any changes in cell production or in the distribution of dividing cells within the crypt. We also used alanine as an "inert" amino acid to balance the addition of extra nitrogen and energy from glutamine. In addition we took the opportunity to compare the labelling date with that obtained from the quantification of native mitoses.
Materials and methods
Six groups of male Wistar rats, mean weight 250 g, were used with six rats per group. Five groups of rats were infused with a total parenteral nutrition (TPN) diet for six days. The first group was infused with the basic TPN diet, the second was given TPN supplemented with 2% alanine. There was no diVerence between the TPN and the TPN + alanine groups; the latter was the control group. The third, fourth, and fifth groups were given TPN supplemented with 0.5%, 1.5%, and 2% glutamine. The diets were made up in a laminar air cabinet using aseptic techniques. The glutamine was dissolved in the amino acid electrolyte solution and sterilised by filtration using Millipore filters. The sixth group of rats was fed orally.
All procedures were approved by the Imperial Cancer Research Fund Animal Ethics Committee.
All animals were given a combination anaesthetic consisting of 0.10 ml of Hypnorm intramuscularly (Janssen Animal Health), and diazepam intraperitoneally (Phoenix Pharmaceuticals Limited, Gloucester, UK). For the TPN groups a silastic cannula was inserted and tied into the right external jugular vein, tunnelled subcutaneously to the back of the neck, threaded through a stainless steel skin button, and connected to an Instech fluid swivel joint (Linton Instrumentation, Norfolk, UK). The rats were housed individually in wire bottomed cages with free access to water. The refrigerated TPN diet was pumped into the rats by a multichannel peristaltic pump, at a rate of 60 ml/rat/day. 15 Rats were sacrificed at intervals of 15 minutes on the sixth day postoperation. This occurred one hour after administration of 50 mg/kg bromodeoxyuridine (BrdU; Sigma Chemicals, Poole, Dorset, UK), given intravenously in the TPN groups and intraperitoneally in the orally fed animals. Terminal anaesthesia was induced by sodium pentobarbitone injection. Samples of the small intestine and colon, defined by their percentage length, were fixed in Carnoy's fluid for three hours and then transferred to and stored in 70% ethanol. For the microdissection method a small piece of the tissue was later stained by the Feulgen reaction, gently teased apart, and the number of native mitoses in 20 intestinal crypts or colonic crypts scored. Further tissue was used to determine the distribution of mitotic figures using a drawing tube to project an image of a five zone grid into the field of view of the microscope. The size of the grid was altered by raising or lowering it using a laboratory scissor jack; this allowed alteration of the grid size to fit the crypt being studied and "standardisation" of the crypts at the same time. Forty crypts per animal were scored.
For histological analysis the mucosa of the TPN control, high dose glutamine, and orally fed rats was embedded in wax, oriented perpendicular to the surface, and alternate 4 µm sections were cut and mounted. Immunohistochemistry was performed by the streptavidin biotin conjugate method (SABC) using a mouse monoclonal antibody to BrdU; the second antibody was rabbit antimouse biotin conjugated, and the third layer was a streptavidin peroxidase complex, which was developed in 3',3-diaminobenzidine tetrahydrochloride (DAB) plus hydrogen peroxide 16 and counterstained with haematoxylin.
Slides were examined systematically until well oriented crypts were found. The crypt was then scored, from the crypt base (position 0) to the crypt villus junction or the top of the colonic crypt. The presence and location of labelled and mitotic cells and the crypt length were recorded. The product of the length (column count) and the crypt diameter (cell count) gave the crypt cell population. 17 Thirty crypts per animal were scored. The labelling and mitotic data were computed to determine the maximum and the half maximum labelling position.
14 The crypts were also standardisedthat is, the distribution data per crypt were adjusted to the average crypt length per rat, and the distribution of labelling in five equal zones determined. All tissues were scored blind (the person reading the slides was unaware of the group to which the slides belonged).
STATISTICS
All results are presented as the mean (SEM). Data were tested by a two sided t test against the TPN controls. Mitotic data for the various sites for the TPN groups were subjected to a one way analysis of variance. In addition all the TPN data for the colon were subjected to a two way analysis of variance. The data were classified by two factors, site and glutamine. It is possible for one of these two factors to alter the eVect of the other; this is measured by the interaction eVect. If no interaction is seen, the test can be rerun without the interaction. Figure 1 shows the weights of the major regions of the gut; no eVect of glutamine was seen in any site. The weights are expressed as a percentage of the final body weight, but the results were very similar if the uncorrected weights were considered. The weights of the small intestine, caecum, and colon were all significantly heavier in the orally fed group than in the TPN groups (p<0.001).
Results
There was no eVect of any of the glutamine treatments on mitotic activity in the small intestine (fig 2) , with the values for the TPN groups being significantly lower than in the orally fed animals (p<0.001).
In the colon there was an indication of increased mitotic activity with glutamine in all sites, which was significant at p=0.053 in the mid colon. If all the TPN colon data were combined for a two way analysis, an eVect of glutamine was seen at p=0.03 (there was no interaction between glutamine and site). The values for the TPN groups were again also significantly lower than the orally fed animals (p<0.01). Table 1 shows the results of the study of mitotic and labelled cells in histological sections. In the small intestine there were no diVerences attributable to glutamine. However, the orally fed group had more labelled cells per crypt column (p=0.05) and also had longer crypt columns (p=0.027); thus the growth fraction of the orally fed rats was significantly reduced (p=0.024). Note that there was no diVerence in labelling index as both the nominator and denominator had changed concurrently.
In the colon there seemed to be more mitoses and labelled cells per crypt column and this was reflected in a small but significant reduction in the growth fraction.
The data from sections were reformatted to express the number of labelled cells within five equal zones of the crypt. These data were also compared with the distribution of mitotic figures scored by superimposing a grid over the individual microdissected crypts. Figures 3 and  4 present the results of this zonal distribution for the small intestine and colon. The top half of the figures shows the mean number of labelled cells or mitoses per zone. The bottom half shows the proportion of labelled cells or mitoses in the zones. In the small intestine both measures showed that there was no diVerence attributable to glutamine, and that the orally fed rats had more labelled cells in zones 1 and 2 and more mitotic figures in zones 1, 2, 3, and 4. When all the data were pooled there was no diVerence in the total number of mitotic or labelled cells between the two TPN groups, but the orally fed animals had significantly more labelled cells (p=0.013) and mitoses (p=0.002). When the small bowel data were used to look at the relative distribution of label, there were more labelled cells in zone 1 and less in zone 3 of the orally fed rats. There also seemed to be more labelled cells in zone 1 of the glutamine treated group (p=0.064).
In the colon there were no significant diVerences between groups for the labelling distributions; the mitotic data however showed several diVerences between the TPN and the orally fed animals in terms of absolute number of figures per zone. The pooled data showed that there were no significant diVerences in the total number of labelled cells in the colon, but there was a large increase in the total number of mitotic figures scored in the orally fed animals (p=0.007).
When the distribution data were converted to relative distributions little eVect was seen except for a slight increase in activity in zone 4 of the orally fed animals.
Discussion
Several studies have indicated that glutamine is one of the preferred fuel sources for the small intestine. In the large bowel the short chain fatty acid butyrate is the preferred fuel followed by glutamine then glucose. 4 The results of this study show that although glutamine had some eVects, especially on the colon, they were relatively modest. These eVects could not just be attributable to the addition of more nutrients per se as there was no diVerence between the TPN group and the TPN group supplemented with 2% alanine. In many ways the equivocal nature of our results reflects the published literature: although some dramatic reports of the eVects of glutamine have been published, many papers have also shown weak or little eVects.
Some of this may reflect the use of several diVerent models; especially pertinent is whether the normal intestine is studied, or that following TPN, elemental diet feeding, injury, or a combination of these factors. 18 In our study we used rats that were relatively unstressed, and it is possible that the potential beneficial eVects of glutamine may only become evident when body stores of glutamine are depleted by illness or injury. Energy requirements increase and may be modified following trauma 6 ; thus the eVects may only be apparent in such models of damage. Supplementation of TPN with glutamine has previously been reported not to improve gut barrier function or mucosal immunity in unstressed rats. 19 In man treatment with growth hormone, glutamine, and a high carbohydrate-low fat diet for three weeks resulted in only modest improvements in electrolyte absorption and delayed gastric emptying, with no improvements in small bowel morphology, stool losses, or macronutrient absorption. 20 Nonetheless, significantly improved survival in patients supplemented with glutamine has recently been reported in a six month study. 21 Another relevant question is the choice of endpoint: thus although there may be a beneficial eVect of glutamine, increased proliferation may not be the main factor; a general increase in protein synthesis 22 or alterations in enterocyte transport function 23 may be more important. This may be particularly pertinent with regard to reducing intestinal translocation of bacteria.
The consequence of temporal eVects should also be borne in mind, as a few reports have indicated that increased proliferation may only be a transient eVect. 24 The discrepancies between the section based and squash based studies are of interest; one of the problems may be that conventional scoring techniques assume that the crypt is a cylinder with a hemispherical end. Savidge and colleagues 25 used a confocal microscopical technique to score intact crypts and did not find the "traditional" pattern of distribution of mitoses, which could be explained by the intact crypts being more "flask" shaped. The microdissection technique does not need any assumptions on crypt shape as the crypt is scored directly.
Comparison of the two techniques showed that the crypt squash technique can yield valid results when used to study changes in the distribution of proliferative activity; furthermore, the squash data were better able to detect the large diVerences between TPN and oral feeding seen by us in previous studies using the crypt cell production technique, where the magnitude of the diVerences was similar to that seen in the weight data of the present study. Thus, even without the amplification of dividing cells provided by vincristine, native mitoses per crypt is a method with greater resolution than BrdU labelling. Furthermore, the method is far easier and quicker to perform, does not need subsequent reanalysis to convert to "standardised" crypts, and does not make assumptions on the exact shape of the crypts. To summarise, one should stay with the crypt, the whole crypt, and nothing but the crypt. 26 In conclusion, although glutamine has some modest eVects on proliferation, these are unlikely to have much impact. Nevertheless, the eVects of glutamine may be greater if the animal is depleted of glutamine by stress or trauma.
